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Abstract

Objective: Status epilepticus (SE) requires rapid intervention to prevent cere-

bral injury and mortality. The ketogenic diet, which bypasses glycolysis, is a

promising remedy for patients with refractory SE. We tested the role of glyco-

lytic lactate production in sustaining SE. Methods: Extracellular lactate and glu-

cose concentration during a seizure and SE in vivo was measured using lactate

and glucose biosensors. A lactate dehydrogenase inhibitor, oxamate, blocked

pyruvate to lactate conversion during SE. Video-EEG recordings evaluated sei-

zure duration, severity, and immunohistochemistry was used to determine neu-

ronal loss. Genetically encoded calcium indicator GCaMP7 was used to study

the effect of oxamate on CA1 pyramidal neurons in vitro. Spontaneous excit-

atory postsynaptic currents (sEPSCs) were recorded from CA1 neurons to study

oxamate’s impact on neurotransmission. Results: The extracellular glucose con-

centration dropped rapidly during seizures, and lactate accumulated in the

extracellular space. Inhibition of pyruvate to lactate conversion with oxamate

terminated SE in mice. There was less neuronal loss in treated compared to

control mice. Oxamate perfusion decreased tonic and phasic neuronal activity

of GCaMP7-expressing CA1 pyramidal neurons in vitro. Oxamate application

reduced the frequency, but not amplitude of sEPSCs recorded from CA1 neu-

rons, suggesting an effect on the presynaptic glutamatergic neurotransmission.

Interpretation: A single seizure and SE stimulate lactate production. Diminish-

ing pyruvate to lactate conversion with oxamate terminated SE and reduced

associated neuronal death. Oxamate reduced neuronal excitability and excit-

atory neurotransmission at the presynaptic terminal. Glycolytic lactate produc-

tion sustains SE and is an attractive therapeutic target.

Introduction

Status epilepticus (SE) is a neurological emergency requir-

ing intervention to prevent cerebral injury and mortality.

When first- and second-line anti-seizure medications fail

to terminate seizures, SE is considered refractory (RSE).

The current treatment strategy for RSE uses intravenous

anesthetic agents for ≥24 h to suppress seizures. SE is

considered super refractory (SRSE) if seizures continue

after anesthetic treatment. The overall mortality associated

with both RSE and SRSE ranges from 23 to 57%.1 The

ketogenic diet (KD), a high-fat, low-carbohydrate diet,

has emerged as a treatment option in adult2 and pediatric

patients with epilepsy.3,4 Recently, KD was used to man-

age RSE and SRSE.1,5,6

Despite the broad application of KD in clinical settings,

surprisingly, little is known about its underlying mecha-

nism of action. The therapeutic effect of KD can result

from the production of ketone bodies.7,8 Ketone bodies

provide an alternative fuel to glucose for energy produc-

tion by supplying acetyl-CoA to the tricyclic acid cycle

(TCA). The concept that KD, via ketone bodies, bypasses

glycolysis gave rise to the possibility that inhibiting

glycolysis can prevent seizures. The glucose analog,
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2-deoxyglucose (2-DG), initially used to map brain

regions involved in seizures,9 emerged as a glycolysis

inhibitor and an anti-seizure medication.10,11 2-DG con-

verts to phosphorylated 2-DG (2-DG-P) in the first reac-

tion of glycolysis, which does not undergo further

metabolism, thereby inhibiting glycolysis. Cell membrane

permeability to 2-DG-P is low.12 Thus, trapped 2-DG-P

accumulates inside the cell.13 2-DG inhibits seizure-like

events in vitro14,15 and seizures in vivo,15 and SE in neo-

natal rats.16 Additionally, 2-DG is a well-studied anti-

cancer agent in the preclinical models.17 Despite the ini-

tially encouraging results, preliminary data from clinical

trials are inconclusive. The recommended, safe dose of 2-

DG in the phase I dose-escalation trial in prostatic cancer

did not produce the intended results.17 Additionally,

higher doses of 2-DG were associated with hyperglycemia

and altered cardio-respiratory function in animal

models.18 However, more recent studies at clinically effec-

tive doses of 2-DG do not exert such adverse effects.19

Cells produce energy by generating lactate when oxida-

tive phosphorylation is insufficient.20 Glycolysis produces

2 ATP molecules by shunting pyruvate away from mito-

chondria and converting it to lactate by the enzyme lac-

tate dehydrogenase (LDH) when there is tissue hypoxia

or when oxidative phosphorylation is inadequate to sus-

tain energy demands, as observed in rapidly contracting

muscle. Thus, pyruvate-to-lactate conversion allows for

the more rapid production of ATP.21

LDH has recently attracted attention as a potential reg-

ulator of energy metabolism in several brain conditions,

including cancer22 and epilepsy.23–27 LDH-catalyzed

reduction of pyruvate to lactate regenerates NAD+ from

NADH. NAD+ is an obligatory substrate for one of the

steps in the glycolytic pathway, the conversion of

glyceraldehyde-3-phosphate to 1,3-diphosphoglycerate.

Therefore, NAD+ facilitates glycolysis. Targeting LDH

activity is an alternative approach to 2-DG to inhibit

anaerobic glycolysis while oxidative phosphorylation can

continue. Two LDH inhibitors, oxamate, and NHI-1 were

shown to suppress seizures24 and spontaneous paroxysmal

discharges in chronic seizure models in vivo.23

Nonetheless, several questions remain unanswered.

First, it is unclear whether blocking lactate production

with the LDH inhibitor oxamate effectively terminates SE

in adult rodents. Secondly, SE termination with a glycoly-

sis inhibitor could worsen neuronal damage. Finally, the

cellular mechanism underlying the anti-seizure effect of

lactate inhibition is unknown. We investigated the extra-

cellular glucose and lactate concentration during a single

seizure and SE in vivo. Then, we tested whether inhibi-

tion of pyruvate to lactate conversion with oxamate could

terminate SE and reduce SE-associated neuronal loss.

Finally, we studied oxamate’s action on the neuronal net-

work, individual neurons, and synaptic transmission.

Methods

Animals

We used 4- to 8-week-old c57bl/6 mice (Charles River,

North Carolina) of both sexes. University of Virginia Care

and Use Committee approved all experimental protocols.

We housed them five per cage, gave them ad libitum

access to food and water, and maintained them on a 12 h

light / 12 h dark cycle.

Lactate and glucose concentration
measurement during a single seizure and
status epilepticus

Lactate or glucose concentration during a single seizure

and SE was measured using a lactate oxidase-based and a

glucose oxidase-based biosensor probe (Pinnacle Technol-

ogies, KS, USA) with simultaneous video-EEG

monitoring.28 We designed the recording assembly com-

posed of an intracranial guide cannula (biosensor inser-

tion) with an attached hippocampal recording electrode.

The assembly consisted of a cortical electrode ipsilateral, a

reference electrode, and a bipolar-insulated stainless-steel

stimulating electrode contralateral to the probe. We ste-

reotaxically implanted 7- to 8-week-old C57Bl/6 mice

with the cannula and a hippocampal recording electrode

in the left CA1 (�3 mm anteroposterior, �3 mm medio-

lateral, 3 mm dorsoventral), stimulating electrode in the

right CA1 (�3 mm anteroposterior, 3 mm mediolateral,

3 mm dorsoventral), unilateral cortical electrode, and a

cerebellar reference electrode. A week after the surgery,

we connected the animals to a video-EEG monitoring sys-

tem (Lab chart software, ADInstruments) via a flexible

cable connected to the amplifier. Biosensors were cali-

brated according to the manufacturer’s manual before

insertion into the brain and recalibrated after the experi-

ment. Briefly, analyte solutions were made fresh on the

day of the calibration. Pre- and post-calibration was per-

formed for each biosensor probe, that is, the rising con-

centration of the analyte of interest (D-glucose for a

glucose biosensor probe and L-lactate for a lactate biosen-

sor probe), injection of the interference solution (ascorbic

acid) followed by a final injection of the analyte. Animals

were subjected to seizure and SE induction protocols, as

described previously.28 Animals were monitored by con-

tinuous video-EEG with simultaneous lactate or glucose

concentration measurements until the end of the seizures

and SE.
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Electrode implantation, induction of status
epilepticus, and oxamate treatment

Mice were injected intraperitoneally with saline or sodium

oxamate (1 g/kg) (Abcam, ab145643) 15 min after self-

sustaining SE developed. The end of SE was defined as a

decline in spike–wave discharge frequency below 1 Hz.

We scored behavioral seizures using a modified Racine

scale29 as previously described.28,30,31

Immunohistochemistry and imaging

Animals were perfused transcardially with 4% paraformal-

dehyde (PFA) in 0.1 M phosphate buffer (PB). The brains

were harvested and postfixed in 4% PFA solution overnight

and cryoprotected in 30% sucrose for 48 h. Immunohisto-

chemistry was performed as previously described.32,33 The

brains were sliced into thin (40 lm) coronal sections on a

cryostat (Precisionary, CF-6100) and processed for immu-

nohistochemistry. Anti-NeuN antibody (1:500, MAB377,

Millipore) and DAPI were used to stain the free-floating

brain sections. Imaging was performed using a confocal

microscope (Nikon Eclipse Ti-U at 109 magnification,

0.45 NA). Excitation lasers were 488 nm for green and

405 nm for blue. Images were tiled as stacks with optical

section separation (Z interval) of 5 lm and stitched using

NIS Elements software. Imaris 9.3.0 (Bitplane) was used for

visualizing, and Adobe Photoshop CC was used for crop-

ping the original image and display.

Evaluation of CA1 neuronal loss

We studied neuronal loss using previously described

methods.34 NeuN immunoreactivity in the CA1 layer was

counted semi-automatically. We computed the maximum

intensity projection image (MIP) for the green (NeuN)

channel and converted them into grayscale for counting.

To avoid bias, we maintained the coronal slices’ coordi-

nates for saline- and oxamate-treated animals and verified

the location from the Allen atlas.

In vivo viral transfection

We used a mix of pENN.AAV.CamKII 0.4.Cre.SV40 and

pGP-AAV-syn-FLEX-jGCaMP7s-WPRE (Addgene, viral

titer 1 9 1013 vg/mL) viruses to study calcium dynamics in

vitro. The virus was injected as described previously.28,31

Briefly, p30-40 C57Bl/6 mice were stereotaxically injected

with a mix of viruses in the ratio 1:1 bilaterally in the ven-

tral and dorsal CA1 (anteroposterior, �2.54; mediolateral,

∓2.00; dorsoventral, �1.20, and AP, �3.40; ML, ∓3.35;
DV, �2.25). A Hamilton syringe (Hamilton 7000 Glass,

5 lL, 0.3302 mm, Reno, NV) was loaded with a virus

solution and mounted in the peristaltic pump holder

(Harvard Apparatus, Holliston, MA; P-1500). The virus

mixture was infused at 0.1 lL/min constant flow rate and

0.100 lL per location. Mice were euthanized, and tissue was

processed 10–14 days after the surgery for GCaMP7 imaging.

Acute hippocampal slice preparation

We sliced brains into 300 lm coronal sections containing

the hippocampus with a vibratome (VT1200S; Leica,

Wetzlar, Germany) in an ice-cold, oxygenated slicing

buffer comprising (mM): 65.5 NaCl, 2 KCl, 5 MgSO4, 1.1

KH2PO4, 1 CaCl2, 10 dextrose, and 113 sucrose

(300 mOsm). The slices were then placed in an interface

chamber containing oxygenated artificial cerebrospinal

fluid (aCSF) containing: (in mM) 124 NaCl, 4 KCl, 1

MgCl2, 25.7 NaHCO3, 1.1 KH2PO4, 10 dextrose, and 2.5

CaCl2 (300 mOsm) at room temperature (25°C) and

allowed to equilibrate for 30 min.

In vitro imaging of genetically encoded
calcium indicator

GCaMP7 signals were imaged on an inverted epifluores-

cence microscope (Nikon Eclipse Ti, Japan) with a GFP

filter set (Nikon, Intensilight C-HGFIE, Japan) and NIS

Elements Advanced Research (AR) Software (5.21.03).

The wide-field imaging system consisted of a microscope

(Nikon Eclipse Ti, Japan) equipped with a motorized

stage system (OptiScanTMIII, Prior Scientific Instruments

Ltd, Cambridge, UK), Z-focus controller (NIKRFK, Prior

Scientific Instruments Ltd, Cambridge, UK), an auto-

mated light shutter (Prior Scientific, Ltd, OptiScan III),

and a high quantum efficiency camera (ORCA-Fusion

BT, Hamamatsu, c15440-20UP, Japan). Light from a LED

source was filtered for excitation at 488 and 525 nm for

emission collection. Images were acquired at 0.2 Hz.

Changes in calcium fluorescence were measured in ROIs

comprising the GCaMP7-positive CA1 pyramidal cell

bodies. Potassium concentration in the aCSF was

increased from 2 mM (baseline aCSF) to 5 mM (high K+

aCSF) to excite the neuronal network. Slices were per-

fused with high K+ aCSF containing 3 mM sodium oxa-

mate (Sigma) to study the effect of oxamate on the

excited population of CA1 neurons. A wash-out step with

high K+ aCSF was performed for each slice to ensure slice

health and function.

Image analysis

Time-lapse movies were analyzed as previously

described.28 Time-lapse movies were uploaded into

ImageJ, and a region of interest (ROI) was drawn. The
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multi-measure functionality was used for pixel measure-

ments for all images. All measured fluorescent values were

normalized to baseline and expressed as a % change in

fluorescence (%DF/F).

Electrophysiology

CA1 neurons were visually identified on an upright

microscope (Nikon Eclipse E600FN) with a 40X water-

immersion objective (Nikon, NA = 0.8) and a camera

(Nikon DS2 Qi). Spontaneous excitatory postsynaptic

currents were recorded from CA1 principal neurons using

standard voltage-clamp patch-clamp electrophysiology

techniques at 30°C.35 D-2-amino-5-phosphonopentanoic

acid (APV, 50 lM) (Tocris) was added to prevent NMDA

receptor-mediated plasticity, and GABAA receptor antago-

nist, picrotoxin (Sigma-Aldrich), was added (100 lM) to

block inhibitory transmission. Currents were filtered at

2 kHz, digitized using a Digidata 1322 digitizer (Molecu-

lar Devices, Sunnyvale, CA, USA), and acquired using

Clampex 10.2 software (Molecular Devices).

Statistical analysis

T-test, Wilcoxon matched-pairs signed-rank test,

Kolmogorov–Smirnov test, Fisher test, Kaplan–Meier sur-

vival comparison, Mantel-Cox long-rank test, two-tailed

Mann–Whitney test, and one-way ANOVA with post hoc

Bonferroni correction were performed using GraphPad

Prism software. p value <0.05 was considered significant.

Results

Seizures rapidly stimulate anaerobic
glycolysis

Glucose is converted to pyruvate during glycolysis. Pyru-

vate is converted to acetyl-coenzyme A (acetyl-CoA) by

pyruvate dehydrogenase (PDH) and further oxidized in

the tricarboxylic acid cycle (TCA). Alternatively, during

anaerobic glycolysis, pyruvate is reduced to lactate by

LDH and NADH to NAD+ (Fig. 1A). Then, a monocar-

boxylate transporter (MCT) transports lactate into the

extracellular space. Thus, extracellular glucose and lactate

concentration serve as a proxy to estimate changes in the

rate of glycolysis.

We studied real-time changes in the extracellular con-

centration of glucose and lactate during a single, non-

convulsive seizure and SE in vivo (Fig. 1A,B). The base-

line extracellular glucose and lactate concentration were

stable over time (lactate: n = 5; 387 lM; glucose: n = 4;

783 lM). An electrical stimulation protocol28 induced a

single seizure. Even a short seizure rapidly accelerated

glucose metabolism, as demonstrated by a quick drop in

extracellular glucose concentration and increased lactate

concentration (Fig. 1C,D). Moreover, we detected an

altered concentration of both metabolites in the extracel-

lular space for minutes (<15 min), which suggests that

even a single seizure alters brain glucose metabolism for

minutes, even after the restoration of normal EEG.

After allowing glucose and lactate levels to return to

baseline, we investigated the real-time changes in glucose

and lactate concentration in the hippocampus during SE.

First, we induced SE by CHS in mice28,30 implanted with

either lactate or glucose probes. We detected a rapid

increase in the extracellular lactate concentration during

electrical stimulation and the self-sustaining phase of SE

(Fig. 1E). The seizure activity during SE consists of rhyth-

mic high-amplitude low-frequency epileptiform discharges

interspersed with short bouts of high-frequency events.

We found that high-frequency discharges were associated

with a larger lactate buildup in the extracellular space

than the persistent high-amplitude slow epileptiform dis-

charges (Fig. 1F). To further describe the extracellular lac-

tate level during SE in the population studied (n = 4),

the period from the beginning of the self-sustaining phase

of SE to the termination of SE was divided into quartiles.

Extracellular lactate levels were highest during the first

quartile of SE (Fig. 1E,G), associated with the highest

power in each EEG frequency band and more frequent

fast discharges.30 The extracellular lactate level decreased

as SE became less severe over time.30 The waning phase

of SE was associated with the lower lactate level (Fig. 1E,G),

but the elevated lactate level persisted even after SE

ended.

We detected a transient drop in the extracellular glu-

cose concentration and rapid recovery during the

60-minute stimulation (Fig. 1H). The post-stimulation

phase of SE was associated with high extracellular glucose

fluctuations (Fig. 1H). Interestingly, we observed a delay

in the extracellular glucose response to the fast discharges

(Fig. 1I). Glucose level fluctuated during the first quartile

of SE, a less variable glucose concentration declined dur-

ing the following three quartiles. Brain glucose was ~50%
of the baseline at the end of SE. These studies indicate

that glucose metabolism fuels SE, especially during the

first two quartiles of SE (Fig. 1). Thus, we tested whether

inhibition of pyruvate to lactate conversion effectively

terminates SE.

Oxamate terminated SE

We induced SE by the CHS model.28,30,31 Mice were then

randomly assigned to the treatment or control group. Mice

received an IP injection of either oxamate (1 g/kg) or saline

15 min after the development of self-sustaining SE

1876 ª 2023 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association.

Lactate Generation Fuels Status Epilepticus D. Skwarzynska et al.



(Fig. 2A). We found that SE was significantly shorter in

oxamate-treated mice than saline-injected mice (n = 5

oxamate, n = 8 control; p < 0.05, Kaplan–Meier survival

comparison followed by Mantel-Cox long-rank test)

(Fig. 2B). Additionally, we detected fewer high-frequency

discharges following oxamate treatment, which indicates

that oxamate’s action quickly hindered the highly energy-

consuming events (Fig. 2D,E) (n = 5 in each group,

p < 0.005, Kolmogorov–Smirnov test). Moreover,

oxamate-treated mice returned to normal behavior faster

than control mice (n = 5 each; p < 0.001, two-tailed

Mann–Whitney test) (Fig. 2F).

The postictal state characterizes a rich set of neurologi-

cal deficits in humans, such as unresponsiveness, head-

aches, and psychosis, which strongly affect patients’

quality of life.36 Additionally, intermittent epileptiform

discharges (postictal spikes) occur following SE in experi-

mental animals30 and patients. Moreover, post-SE and

Figure 1. Seizures stimulate anaerobic glycolysis. (A) A simplified cartoon of the glycolysis pathway. (B) Diagram of study design. A custom-built

recording assembly was inserted into the ventral CA1 hippocampus. Brief and non-convulsive seizures were induced by an electrical stimulus.

Status epilepticus was induced by continuous hippocampal stimulation. Extracellular glucose/lactate concentration and EEGs were recorded

simultaneously. (C) Seizures stimulate anaerobic glycolysis. Fast changes in the extracellular glucose and lactate concentration in the hippocampus

during a seizure. Top: a section of EEG recorded from the electrode ipsilateral to the lactate biosensor. Bottom: representative traces of

extracellular glucose (blue) and lactate (black) concentration. Seizures stimulate rapid glucose uptake and lactate production. (D) Seizures rapidly

accelerate anaerobic glycolysis. A brief seizure episode quickly stimulates extracellular glucose consumption (n = 4) and lactate release to the

extracellular space (n = 5). (E) Lactate fluctuations during SE. Top: a section of EEG recorded from the electrode ipsilateral to the lactate

biosensor. Bottom: extracellular lactate level. Note the increase in lactate concentration during stimulation (stim) and the self-sustaining phase of

SE and the drop in extracellular lactate level when SE ends. (F) Fast discharges stimulate lactate production. Top: a section of EEG from E

representing rhythmic high-amplitude slow discharges and high-and low-amplitude fast discharges bottom: corresponding lactate level. Note

immediate lactate increase in the extracellular space during fast discharges. (G) Extracellular lactate level during SE plotted against % of the SE

duration. Note the drastic increase in extracellular lactate concentration during the 1 quartile of SE and decrease as SE continues. Extracellular

lactate concentration remains elevated when SE terminates. (H) Glucose fluctuations during SE. Top: a section of EEG recorded from the electrode

ipsilateral to the lactate biosensor. Bottom: extracellular glucose level. Note the initial decrease in glucose concentration during stimulation (stim)

and the sudden elevation of glucose in the extracellular space during the later phase of stimulation. During the self-sustaining phase of SE,

glucose fluctuates and marginally recovers when SE ends. (I) High-frequency discharges stimulate glucose uptake. Top: a section of EEG from H,

bottom: corresponding glucose level. Note the delay in glucose response. (J) Extracellular glucose level during SE plotted against % of the SE

duration. Note the variable response in the extracellular glucose level during the 1 quartile of SE and decrease as SE continues.
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interictal spikes are associated with an increased local

cerebral glucose utilization,37 which indicates that glucose

metabolism supports, at least to some extent, the genera-

tion of postictal epileptiform discharges. Interestingly,

postictal spikes were less common in oxamate-treated

mice when compared to control mice.

SE is associated with high mortality in experimental

animals30 and humans.38 We previously reported that in

this model, 33% of mice die during the self-sustaining SE,

with a majority of death occurring in the first hour.30 All

mice treated with oxamate survived SE, whereas 25% of

control mice died (n = 5 oxamate, n = 8 control;

p > 0.05; Fisher test).

We studied neuronal loss following either oxamate or

saline treatment to study the effect of oxamate treatment

on SE-induced cell death because energy deprivation could

exacerbate neuronal death. There is extensive neuronal

death in CA1 and CA3 neurons and sporadic cell death in

Figure 2. Oxamate terminates status epilepticus. (A) Diagram of study design. A stimulating electrode was inserted in the ventral CA1

hippocampus and recording electrodes in the cortex bilaterally. Status epilepticus (SE) was induced a week later (methods section). Mice were

video and EEG-monitored. (B) SE duration in saline- and oxamate-treated mice. SE in oxamate-treated mice was significantly shorter than control

mice (n = 5 oxamate, n = 8 control; p < 0.05, Kaplan–Meier survival comparison followed by Mantel-Cox long-rank test). (C) Spectrograms

illustrating the power of EEGs recorded from the cortex from a representative saline- (top) and oxamate-treated (bottom) mouse. Arrows illustrate

SE termination. (D) Oxamate reduces high-frequency discharges. A representative EEG trace from saline-injected (top) and oxamate-treated

(bottom) mice of 60 min of the self-sustaining SE. Dots represent high-frequency events detected during SE. Note numerous high-frequency

discharges in control mice and fewer in oxamate-treated mice. (E) Oxamate reduces the number of high-frequency discharges. Oxamate-treated

mice had fewer high-frequency discharges as opposed to saline control mice (n = 5 in each group, p < 0.005, Kolmogorov–Smirnov test). (F) The

median behavioral seizure score (BSS) along with 95% CI in the saline- and oxamate-treated mice. The dotted line indicates the saline/oxamate

injection. The self-sustaining phase of SE was scored every 2 min on a Racine scale. Saline-treated mice received significantly higher scores when

compared to oxamate-treated mice (n = 5 each; p < 0.005, two-tailed Mann–Whitney test), which indicates that SE in saline-injected mice was

more severe. (G) Termination of SE by oxamate is neuroprotective. Representative images of the hippocampus from saline- and oxamate-treated

mice 3 days following SE. Note the widespread neuronal loss in CA1 neurons indicated by the lack of NeuN immunoreactivity in the pyramidal

cell layer in saline-treated mice. Green—NeuN, Blue—DAPI. (H) Oxamate protects from neuronal loss in CA1. Quantification of NeuN+ cells in

CA1 area (n = 3 each; p < 0.001; unpaired t-test). (I) Oxamate inhibits lactate production in the brain. Lactate concentration in the brain during

SE was measured 15 min before and 15 min after oxamate injection. Oxamate rapidly blocks the production of lactate (n = 3; p < 0.005; paired

t-test, vs. untreated animals, n = 4; p > 0.05; paired t-test). *p value < 0.05; **p value < 0.005; ***p value < 0.001.
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the dentate hilus following CHS-induced SE.30 Similarly, in

saline-injected mice, we found widespread neuronal loss in

CA1 neurons, indicated by the lack of NeuN immunoreac-

tivity in the pyramidal cell layer. In oxamate-treated mice,

the CA1 pyramidal neurons were intact (Fig. 2G,H) (n = 3

each; p < 0.001; unpaired t-test), suggesting that oxamate

treatment is neuroprotective.

We expected extracellular lactate concentration in the

brain to decline following oxamate treatment because it

blocks pyruvate-to-lactate conversion. Lactate concentra-

tion in the brain during SE 15 min after oxamate injection

was less than that 15 min before the injection (n = 3;

p < 0.005; paired t-test). We did not detect similar changes

in extracellular lactate concertation in untreated animals

(n = 4; p > 0.05; paired t-test) (Fig. 2I).

Oxamate reduces CA1 network excitability

To further understand the effect of glycolysis inhibition

on neuronal excitability, we tested the effect of oxamate

on an excited neuronal network with seizure-like events

in vitro. Previous studies show excessive and abnormal

neuronal activation in hippocampal-parahippocampal cir-

cuitry during experimental seizures and SE,33,39 and neu-

ronal loss in CA1 following SE.30 We used genetically

encoded calcium indicator 7 (GCaMP7) to study neuro-

nal excitability in vitro. We delivered a mix of GCaMP7

and CaMKII-Cre transgenes to the dorsal and ventral

CA1 hippocampus to target CA1 excitatory neurons. We

prepared acute hippocampal slices 10–14 days after the

injection and studied them under a wide-field

microscope.

Even modest increases in potassium concentration in the

recording solution excite neurons in vitro and can produce

epileptiform discharges.40 Therefore, we increased potas-

sium concentration in the recording solution from 2 to

5 mM to induce synchronous and asynchronous phasic fir-

ing of GCaMP7-expressing neurons.40,41 We observed more

GCaMP7-expressing neurons with increased tonic green

fluorescence and phasic activity (Fig. 3A,B). We then tested

the effect of oxamate on the excited neuronal network. We

perfused GCaMP7-expressing hippocampal slices with a

recording solution containing 3 mM oxamate, which

caused a rapid decrease in phasic and tonic GCaMP7 signal.

The oxamate wash-out restored a dynamic neuronal

response characterized by a rapid increase in tonic

GCaMP7 signal and phasic activity (Fig. 3A,B).

We analyzed time-lapse movies of the CA1 cell body

layer using ImageJ. Oxamate decreased GCaMP7 fluores-

cence across the entire CA1 population (DF/F 5 mM vs.

DF/F 5 mM K+ + 3 mM oxamate: 14.54%, 0.64 (mean

diff., SE of diff.), p < 0.0001, one-way ANOVA, Tukey cor-

rection). Tonic GCaMP7 fluorescence increased upon

removing oxamate (DF/F wash-out 5 mM vs. DF/F
5 mM K+ + 3 mM oxamate: 15.73%, 0.78 (mean diff., SE

of diff.), p < 0.0001, one-way ANOVA, Tukey correction).

Moreover, the post-treatment fluorescence was even

brighter than the baseline fluorescence (DF/F wash-out

5 mM vs. DF/F 5 mM K+ 1.2%, 0.12 (mean diff., SE of diff.

p < 0.0001, one-way ANOVA, Tukey correction, n = 5 ani-

mals, 7 slices) (Fig. 3A,B). These findings suggest that oxa-

mate reduced neuronal excitability. Moreover, a robust

neuronal response to the wash-out step indicates that

3 mM oxamate on the brain slices was not toxic.

We also analyzed the response of a single neuron to

3 mM oxamate treatment. We randomly selected five time-

lapse movies in selected GCaMP7-tagged neurons. Oxa-

mate reduced the frequency of calcium spikes (Fig. 3C)

(n = 20 neurons; p < 0.0001, Kolmogorov–Smirnov test)

and then increased during the wash-out phase (Fig. 3C)

(n = 20 neurons; p < 0.005, Kolmogorov–Smirnov test)

(Fig. 3C).

Overall, these findings indicate that oxamate reduces

phasic and tonic neuronal activity.

Oxamate reduces excitatory transmission in
CA1

We recorded sEPSC from CA1 principal neurons to

understand the oxamate effect on excitatory transmission.

We found that the application of oxamate significantly

reduced the sEPSC frequency, which is evident by the

rightward shift in the inter-event interval cumulative frac-

tion probability distribution (n = 8 cells; p < 0.0001,

Kolmogorov–Smirnov test). Interestingly, we did not

detect changes in sEPSC amplitude (n = 8 cells; p > 0.05,

Kolmogorov–Smirnov test) (Fig. 4A,B). These findings

indicate that oxamate’s action may involve presynaptic

mechanisms at the excitatory synapse.

Discussion

In summary, we report that (1) a single, non-convulsive

seizure and SE strongly stimulate extracellular lactate pro-

duction and glucose decline; (2) oxamate, a lactate dehy-

drogenase inhibitor, effectively terminates experimental

SE and reduces associated neuronal damage; (3) and oxa-

mate reduces neuronal excitability and inhibits glutama-

tergic neurotransmission. Our findings highlight that

sustaining seizure activity accelerates lactate production,

providing in vivo and in vitro evidence that inhibiting

lactate dehydrogenase with oxamate effectively reduces

neuronal excitability.

Repeated action potentials and enhanced synaptic

transmission during seizures produce high metabolic

demands, which causes an increase in cerebral blood
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flow42 to deliver glucose and oxygen. Glycolysis can end

with the production of acetyl Co-A from pyruvate, which

fuels oxidative phosphorylation; alternately, pyruvate con-

verts to lactate to allow more rapid but less efficient ATP

generation. SE represents an extreme form of seizure

activity lasting hours to days. Such an abnormally active

state would require constant energy replenishment. While

oxidative phosphorylation provides more ATP molecules

per glucose molecule than glycolysis, 2 ATP molecules

generated by the early steps in the glycolytic pathway pro-

vide a readily available pool of ATP for firing neurons

during SE.43

Several studies have reported serial cerebral microdialy-

sis measures of lactate and glucose in the extracellular

fluid in the experimental animals44–46 and people with

epilpesy.47–49 Increased lactate/pyruvate ratio and

decreased extracellular glucose levels are used as a bio-

marker of a seizure episode and indicate a metabolic crisis

associated with a postictal state. We propose that

glycolysis-derived energy preferentially fuels seizures and

that targeting this metabolic pathway might resolve sei-

zures. The microdialysis method suffers from relatively

poor temporal resolution with sampling times of several

minutes, which is too slow compared to ictal discharges.

Conversely, biosensors continuously monitor extracellular

metabolites in the brain with a higher temporal resolu-

tion. By combining EEG recordings with biosensor

probes, we recorded real-time changes in glucose and lac-

tate levels in the brain in the extracellular space in vivo

during a single, non-convulsive seizure and SE. We found

that electrographic seizures and SE strongly stimulate gly-

colysis as lactate concentration increases and glucose

Figure 3. Oxamate reduces neuronal tonic and phasic activity. (A) Representative images from CA1 hippocampus following perfusion with

recording solution containing basal (2 mM) K+, elevated (5 mM) K+, 3 mM oxamate (5 mM K+ + oxamate), and wash-out (5 mM K+). Note

decreased GCaMP7 fluorescence when oxamate was present in the recording solution. (B) Oxamate reduces GCaMP7 fluorescence. Top: Elevated

potassium concentration (5 mM) increases GCaMP7 fluorescence in CA1 neuronal population. Perfusion with oxamate decreased GCaMP7

fluorescence and then increased after oxamate wash-out. Bottom: elevated (5 mM), 3 mM oxamate (5 mM K+ + oxamate), and wash-out

(5 mM K+) conditions plotted against the same time frame. Oxamate reduces neuronal tonic network excitability (DF/F 5 mM vs. DF/F 5 mM K+ +

3 mM oxamate: 14.54%, 0.64 (mean diff., SE of diff.), p < 0.0001, one-way ANOVA, Tukey correction), which reverses when oxamate is washed

out from the perfusion system (DF/F wash-out 5 mM vs. DF/F 5 mM K+ + 3 mM oxamate:15.73%, 0.78 (mean diff., SE of diff.), p < 0.0001,

one-way ANOVA, Tukey correction, n = 5 animals, 7 slices). (C) Oxamate reduces phasic firing. Oxamate reduced the frequency of calcium spikes

(n = 20 neurons; p < 0.0001, Kolmogorov–Smirnov test). Calcium spikes became more apparent again when oxamate was washed out from the

chamber (n = 20 neurons; p < 0.005, Kolmogorov–Smirnov test). **p value < 0.005; ****p value < 0.0001.
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concentration declines in the extracellular space. We also

report that high-frequency discharges are associated with

increased glucose metabolism and lactate buildup in the

extracellular space. The high-frequency discharges are

more frequent in the first quartile of SE,30 which coincide

with higher anaerobic glycolytic rate, that is, glucose

uptake from the extracellular space and lactate release

from the cells (Fig. 1).

Astrocytes can provide energy substrates for supporting

neurons in an activity-dependent manner. According to

Astrocyte to Neuron Lactate Shuttle (ANLS) hypothesis,

glutamate uptake into astrocytes stimulates glycolysis and

lactate production for the energy needs of neurons.50

Thus, seizure-induced glutamate release from neurons

may stimulate glycolysis in astrocytes, which can explain

lactate accumulation in the extracellular space.

High dependency on glycolysis-derived energy to sus-

tain seizure activity during SE suggests that targeting this

metabolic pathway might modulate severe SE. In this

study, oxamate, an indirect glycolysis inhibitor, termi-

nated SE, demonstrating the importance of LDH in main-

taining SE. Oxamate blocks LDH activity, which catalyzes

the interconversion of pyruvate and lactate. During

seizures, extracellular lactate concentration increases

(Fig. 1), indicating increased LDH activity.23,27 After oxa-

mate treatment, we detected fewer high-frequency dis-

charges and an overall decrease in extracellular lactate

concentration. Lack of energy would stop the develop-

ment of the ATP-demanding, fast discharges in the early

stage of SE (Fig. 2).

Finally, inhibition of LDH with oxamate could potenti-

ate neuronal death, as glycolysis-derived ATP is critical

for proper neuronal survival. Additionally, the large body

of literature suggests lactate acts as a neuroprotective

agent in the brain.28,51–53 Interestingly, we detected exten-

sive neuronal cell loss in control but not in oxamate-

treated mice. Neuronal death following SE is a function

of the duration and severity of SE.54 Thus, the neuropro-

tective effect observed in oxamate-treated mice is likely

due to the shorter and less severe SE in this group com-

pared to control mice.

For glycolysis to continue, NAD+ must be regenerated

from NADH, as NAD+ is an obligatory substrate for

glyceraldehyde-3-phosphate dehydrogenase enzyme. LDH-

catalyzed conversion of pyruvate to lactate is one (but

not exclusive) source of NAD+. Therefore, reduced

Figure 4. Oxamate reduces the spontaneous excitatory postsynaptic current frequency. (A) Spontaneous excitatory postsynaptic current (sEPSC)

was recorded from CA1 neurons before (left) and after (right) application of oxamate. (B) Oxamate reduced sEPCS frequency (n = 8 cells,

p < 0.0001, Kolmogorov–Smirnov test) but not amplitude (n = 8 cells, p > 0.05, Kolmogorov–Smirnov test) in CA1 principal neurons. ****p value

< 0.0001.
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LDH-mediated NAD+ regeneration may slow the glyco-

lytic conversion of glucose to pyruvate. It is unlikely,

however, that the oxamate action profoundly blocks the

generation of pyruvate. Moreover, as LDH inhibition

blocks pyruvate conversion to lactate, this may favor the

conversion of pyruvate to acetyl-CoA and its direction to

the TCA cycle. Oxamate treatment represents a less inva-

sive metabolic intervention to terminate seizures because

it denies actively firing neurons of a readily available ATP

source while facilitating glucose oxidation and TCA cycle-

mediated energy production. Thus, ATP production may

be slower but not abolished.

Our studies link neuronal excitability to brain energet-

ics by showing that LDH inhibition reduces neuronal

excitability in vitro, at least in part by altering synaptic

transmission. Neurotransmission is metabolically

expensive55 because it requires ATP to maintain energy-

costly steps: maintaining the electrochemical gradient,

filling,56 and recycling57 the synaptic vesicles. Glutamater-

gic synapses outnumber GABAergic synapses by 9 to 1 in

the cerebral cortex.58 The v-type proton pump ATPase

and vesicular glutamate transporter (VGLUT)59 mediate

glutamate loading into synaptic vesicles. Thus, ATP avail-

ability is a rate-limiting step in glutamate packaging. Glu-

tamate is then released from the presynaptic bouton into

the synaptic cleft via exocytosis. Empty vesicles undergo

endocytosis in an ATP-dependent fashion. Our studies

indicate that oxamate reduces sEPSC frequency and does

not affect sEPSC amplitude in CA1 principal neurons.

These preliminary observations regarding synaptic trans-

mission require further confirmation and detailed analysis

but suggest decreased glutamate release. Thus, oxamate

may inhibit energy-dependent glutamate release machin-

ery in the presynaptic terminal.

Finally, intervention with oxamate may induce a shift in

cellular pH, and thereby alter neuronal excitability and sei-

zure activity. Although we did not measure pH in vivo, in

the in vitro studies, oxamate was applied to hippocampal

slices by perfusing them with a buffered aCSF, with a pH of

7.4. Solution exchange in the perfusion system is rapid, and

any pH change in extracellular space is unlikely. Notably,

acidic pH decreases the excitability of the hippocampal

CA1 region. Seizures and SE caused a lactic acid buildup in

the extracellular space (Fig. 1), likely acidifying extracellular

pH. Acidic pH inhibits NMDA receptors in the hippocam-

pal CA1 neurons.60 Acidic pH activates the acid-sensing

ion channels (ASICs), preferentially expressed on inhibitory

interneurons, increasing their firing and thus reducing CA1

pyramidal neuron excitability.61 It also causes adenosine

release, reducing excitability.62 We demonstrate that in vivo

intervention with oxamate decreases lactate production in

the extracellular space in the brain (Fig. 2), which will have

the opposite effect of increasing excitability.

This study has several limitations. We did not simulta-

neously measure the extracellular glucose and lactate con-

centration during a single seizure and SE from the same

animal. We could not perform dual metabolite measure-

ments because of the large biosensor probe size. We did

not place a probe near hippocampal stimulation because

it could contaminate or alter the biosensor signal. Addi-

tionally, we used a single, high dose of oxamate to inves-

tigate its anti-seizure effect. Future studies will examine

the impact of oxamate dose on seizure suppression and

the chronic effect of oxamate treatment on behavioral

and cognitive outcomes and epileptogenesis. We used

oxamate to demonstrate that lactate production sustains

SE. The potential application of oxamate as an anticon-

vulsant was proposed earlier.24

Overall, our findings provide an extensive description

of the role of lactate-generating glycolysis during a single

seizure and SE and an in vivo evidence that blocking lac-

tate production effectively terminates SE.
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